Activation of phosphatidylinositol-3-kinase (PI3K) is one of the earliest postreceptor events in the insulin signaling pathway. Incubation of soleus muscles from lean mice with 50 nM insulin caused a 3-10-fold increase in antiphosphotyrosine-immunoprecipitable PI3K (antiPTyr-PI3K) activity within 2 min in muscle homogenates as well as both the cytosolic and membrane fractions. Insulin did not affect total PI3K activity. Both the antiPTyr-PI3K stimulation and activation of insulin receptor tyrosine kinase were dependent on hormone concentration. In muscles from obese, insulin-resistant mice, there was a 40-60% decrease in antiPTyr-PI3K activity after 2 min of insulin that was present equally in the cytosolic and membrane fractions. A significant reduction in insulin sensitivity was also observed. The defect appears to result from alterations in both insulin receptor and postreceptor signaling. Starvation of obese mice for 48 h, which is known to reverse insulin resistance, normalized the insulin response of both PI3K and the receptor tyrosine kinase. The results demonstrate that: (a) antiPTyr-PI3K activity is responsive to insulin in mouse skeletal muscle, (b) both the insulin responsiveness and sensitivity of this activity are blunted in insulin-resistant muscles from obese mice, (c) these alterations result from a combination of insulin receptor and postreceptor defects, and (d) starvation restores normal insulin responses.
Introduction
One ofthe earliest detectable events after the binding ofinsulin to its receptor and receptor autophosphorylation is the activation ofphosphatidylinositol-3-kinase (PI3K)' ( 1, 2) . P13K is a heterodimeric protein composed of an 85-kD regulatory sub-unit and a 1 10-kD catalytic subunit that phosphorylates phosphatidylinositol (PI), phosphatidylinositol-4-phosphate (PI4P), and phosphatidylinositol-4,5-diphosphate on the D3 position of the inositol ring (reviewed in references 3 and 4). Both subunits are required for activity ( 5 ) . Although the function ofthe product phosphatidylinositol-3-phosphates is not currently known, reports of P13K association with and/or activation by a large number of oncogenes and tyrosine kinase growth factor receptors in cultured cell lines indicate that it may play a role in tyrosine kinase-mediated growth promotion (3, 4) . Indeed, ligand-mediated tyrosine kinase stimulation appears to be essential for PI3K activation by receptor tyrosine kinases (6) (7) (8) (9) . With regard to the insulin receptor, the bulk ofthe recent studies have led to the suggestion that the insulin receptor tyrosine kinase first phosphorylates insulin receptor substrate-l (IRS-1), the 170-185-kD protein which is its primary substrate in vivo, and that the tyrosine phosphorylated form of IRS-1 then acts as a ligand to activate P13K via an interaction with src homology regions in the 85-kD subunit (10-12).
Two groups have recently demonstrated that insulin-responsive P13K exists in an important insulin target cell, the adipocyte ( 13, 14) . Both antiphosphotyrosine immunoprecipitable (13, 14) and anti-85-kD subunit immunoprecipitable ( 14) P13K activities were stimulated severalfold by insulin; this response was attenuated by physiological insulin antagonists ( 13, 14) . As in cultured cell studies, there was a strong correlation between the insulin-stimulated and antagonist-attenuated P13K activity with changes in insulin receptor tyrosine kinase activity ( 14) . In that insulin's effect on adipocytes is metabolic rather than growth promoting, P13K activation is not associated solely with cell division.
Skeletal muscle, by virtue of its mass, plays a primary role in the body's metabolic response to insulin. For example, in humans it accounts for most of the whole body insulin-stimulated glucose uptake ( 15, 16) . Despite the physiological importance of muscle, nothing is known of the role of P13K in this tissue. This question is especially relevant in pathophysiological states where there is skeletal muscle insulin resistance. One such pathophysiological state is the obese, hyperinsulinemic syndrome that is commonly associated with non-insulin-dependent diabetes mellitus (NIDDM) . Experimentally, this insulin-resistant state can be obtained in mice by the administration of goldthioglucose (GTG) ( 17, 18) . At the cellular level, GTG-induced skeletal muscle insulin resistance is associated with both insulin receptor and intracellular defects, including a decrease in receptor number and an alteration in the receptor kinase ( 19) as well as a blunted insulin-stimulation of glucose transport and a number of metabolic pathways ( 18, 20, 21 ) . To evaluate the potential role of P13K in skeletal muscle insulin signaling, we used the isolated soleus muscle to investigate two questions. First, what are the characteristics of P13K activation by insulin, and, second, are any ofthe foregoing characteristics altered in insulin-resistant obese mice?
Methods
Animals. Male Swiss-Albino mice (Iffa-Credo, Lyon, France) having access to food and water ad libitum served as muscle donors. Obesity was induced in some mice by a double injection ofgoldthioglucose at 3 wk of age as described previously (18) . Mice were 6-8 mo old at the time of the experiments. When indicated, mice were starved for 48 h with free access to water.
Materials. Methylamine free base was purchased from Aldrich Chemical Co., (Milwaukee, WI), and bovine serum albumin (fraction V) from Euromedex (Strasbourg, France). PI (reference no. P2517) was obtained from Sigma Chemical Co. (St. Louis, MO), phosphatidylserine from Serva (Heidelberg, FRG). [32P]ATP was purchased from ICN; all other radioactive compounds were purchased from Amersham International (Bucks, UK). Plastic-backed Silica Gel 60 TLC plates were purchased from Merck (Darmstadt, FRG), and wheat germ agglutinin agarose from Biomakor (reference no. 8818-1). Light petroleum ether was bought from Fluka (Buchs, Switzerland). All other chemical and biochemical products were from Sigma or Merck.
Muscle incubations. Mouse soleus muscles were incubated as described previously (18) . Briefly, mice were killed by cervical dislocation and solei were surgically removed and tied via their tendons to stainless steel clips. Muscles were preincubated for 15 min in 1.0 ml of Krebs-Ringer bicarbonate buffer, pH 7.3, supplemented with 1% bovine serum albumin and 2 mM pyruvate. They were then incubated (2-60 min) in a second flask containing 1.0 ml ofthe same buffer with additions as indicated. All incubations were carried out at 370C under an atmosphere of 95% 02:5% C02. After incubation, muscles were rapidly blotted and homogenized by sonification with a VibraCell ultrasonic sonifier (Sonics and Materials, Inc., Danbury, CT) for 5 s at 70% full power.
Determination of P13K activity in immunoprecipitates. Muscles were homogenized in 0.5 ml of lysis buffer (140 mM NaCl, 10 mM Tris-HCl, pH 8.1, 1 mM CaCl2, I mM MgCl2, 10% glycerol, 1% Nonidet P-40 (NP-40), 10 Mg/ml aprotinin, 50 AM leupeptin, 200MUM ammonium vanadate, 1 mM PMSF, and solubilization was achieved by continuous stirring for I h at 4°C. The homogenates were then subjected to centrifugation at 12,000 g for 4 min and the supernatants were used for protein determination and immunoprecipitation with affinitypurified sheep antiphosphotyrosine antibodies (22) . Before immunoprecipitation, the antibody (20 Mg per sample) was preadsorbed to protein-G-sepharose (20 Ml of hydrated beads per sample) by incubation for 30 min at room temperature. The beads were washed twice with PBS/ 1% Nonidet P-40 and then immunoprecipitation was initiated by the addition of 400 Ml of homogenate. The homogenate-bead suspensions were agitated for an additional 1.5 h at 40C, and the beads were pelleted, washed thrice with PBS/1% Nonidet P-40/200 MM ammonium vanadate, and twice with 0.5 M LiCl/ 10 mM Hepes (pH 7.4)/ 200 MM ammonium vanadate, and twice with 10 mM Tris-HCl, pH 7.4/100 mM NaCl/ 1 mM EDTA/200 MM ammonium vanadate. P13K was assayed directly on the protein-G-Sepharose-immunoprecipitate complex as described previously (23) . 5 Ml of a sonicated mixture of PI (I Ogg) and phosphatidylserine (2.5 Mg) in 10 mM Hepes, 1 mM EGTA, pH 7.5 were added to the beads and the reaction was initiated by the addition of 25 Ml of a reaction mixture consisting of 40 mM Hepes, pH 7.4/20 mM MgCl2/50 MM [y 32p] ATP (30 MCi). The reaction was stopped after 20 min at 25°C and the phospholipids were extracted into chloroform by the sequential addition of 40 Ml 4 N HCI and 160 Ml chloroform:methanol (1: 1, vol/vol). The extracted lipids were spotted onto silica gel 60 TLC plates precoated with potassium oxalate (1% potassium oxalate, 2 mM EDTA, pH 7.0/methanol; 3:2). After autoradiography, the band corresponding to phosphatidylinositol-3-phosphate (PI3P) was excised and its radioactivity was quantitated by liquid scintillation counting.
P13K was assayed in anti-p85 immunoprecipitates essentially as described (14) . 1 Mi of a serum containing antibody raised against a peptide corresponding to amino acids 513-531 of the 85-kD P13K subunit (Ab 51, kindly donated by J. Schlessinger, New York University, New York) was preadsorbed to 10 of hydrated protein-A-Seph-arose. The beads were washed and then incubated for 2 h at 4VC with 15 gl of membrane or cytosolic fraction. P13K associated with the beads was assayed as for antiPTyr immunoprecipitates.
In experiments where homogenates were fractionated into particulate and cytosolic fractions, homogenization was carried out in the absence of NP-40. After centrifugation for 1 h at 100,000 g (40C), the NP-40 was added to the supernatant (cytosolic fraction) to give a final concentration of 1% and the pellet (particulate fraction) was resuspended by sonification in homogenization buffer containing 1% NP-40. After solubilization for 1 h at 4VC, the analysis ofantiphosphotyrosine and anti-p85 immunoprecipitable P13K activity was carried out as described above.
HPLC analysis ofdeacylated lipids. Phospholipids were deacylated as described previously (24) . After TLC and autoradiography, the lipid band co-migrating with phosphatidylinositol phosphate was cut from the TLC plate and deacylated by incubation with methylamine reagent (42.8% of25% methylamine free base in water, 45.7% methanol, 1 1.4% n-butanol) for 50 min at 530C. The samples were dried in vacuo, resuspended in water, and washed twice with an equal volume of n-butanol:light (low boiling) petroleum ether:ethyl formate (20:4:1 vol/vol), and dried again. Anion exchange HPLC analysis ofthe deacylated lipids was carried out with a dual-pump system (Kontron Instruments, St. Quentin en Yvelines, France) using a Partisphere-SAX column (Whatman Scientific, Ltd., Maidstone, UK) (23, 25) . Solvent A was water and solvent B was 1 M (NH4)2PO4, pH 3.8. In the analysis protocol, samples were introduced into the system under isocratic conditions ( 100% A for 5 min) and then a linear gradient from 0% to 18% B was developed over 60 min. The retention time of glycerophosphoinositol-4-phosphate was determined using a deacylated [3H]PI4P standard.
Determination ofinsulin receptor tyrosine kinase activity and autophosphorylation. Insulin receptor tyrosine kinase activity was assayed in partially purified insulin receptor preparations (26). Muscles were homogenized by sonification in 0.5 ml ofsolubilization buffer (50 mM Hepes, 150 mM NaCl, 10 mM EDTA, 10 mM sodium pyrophosphate, 100 mM NaF, 2 mM ammonium vanadate, 30 mM PNPP, 1 mM PMSF, 10 Ag/ml aprotinin, 50 MM leupeptin, 1% Triton X-100, pH 7.4), and solubilization was allowed for 30 min at 4°C. The samples were centrifuged for 15 min at 10,000g, aliquots ofthe resulting supernatants (usually 250-400 z1) were added to 50 ,d ofwheat germ agglutinin agarose (WGA, preequilibrated with solubilization buffer), and the resulting suspensions were gently agitated for 1 h at 4°C. After one wash with the solubilization buffer/0. 1% Triton X-100 and two washes with assay buffer (30 mM Hepes, pH 7.4, 30 mM NaCl, 30 mM bis-(paranitrophenyl) phosphate (PNPP), and 0.1% Triton X-100), WGA-bound glycoproteins were eluted from the beads by the addition of 200-300 ul of 0.3 M N-acetylglucosamine/assay buffer. After 30 min at 4°C, the eluate/bead mixtures were centrifuged at 10,000 g for 5 min and the resulting supernatants, containing partially purified insulin receptors, were immediately used in the insulin receptor tyrosine kinase assay. 10 ,d of 1.5 mg/ml poly(glutamate:tyrosine, 4:1) was added to a 40-Ml aliquot ofeluate and the kinase reaction was initiated via the addition of 10 Ml ofATP mix (2MgM ['y32P]ATP, 2.5 ,uCi, 4 mM MnCI2, 8 mM MgCI2, final concentrations). Tyrosine phosphorylation was allowed to procede for 30 min at room temperature. To stop the reaction, 45-50 Al of the reaction mixture was spotted onto 2 x 2 cm Whatman ET 31 filter paper squares and the papers were placed in a 10% TCA bath containing 10 mM sodium pyrophosphate. The papers were washed extensively with 5% TCA/ 10 mM sodium pyrophosphate and dried; radioactivity incorporated into the substrate was quantitated by Cerenkov counting.
Activation ofPI3K in vitro. P13K was activated in vitro by incubating muscle homogenates with purified insulin receptors (27) . Human insulin receptors were partially purified from NHIR-3T3 cells using a WGA Sepharose affinity column. On the day ofthe experiment, 4,ul of hydrated protein-A-Sepharose beads per sample were incubated with appropriate amounts ofreceptor preparation and monoclonal antibodies to human insulin receptors for 2 h at 4VC. These antibodies had no cross-reactivity with mouse insulin receptors. The beads were washed with a buffer containing 30 mM Hepes, 30 mM NaCl, and 200 AM ammonium vanadate (HN). Protein-A-bound receptors were activated by incubation for 45 min at room temperature with 100 nM insulin in HN containing 30 AM ATP, 10 mM MgCl2, 5 mM MnCl2, and 1% BSA. Nonactivated receptors were incubated with the same mixture containing 200 mM EDTA. After receptor activation, the beads were washed once with HN. P13K was then activated in vitro by incubating the activated receptors with 150 Al of muscle "cytosol" for 5-7 min at room temperature. "Cytosol" was prepared from homogenates of muscles incubated for 15 min in Krebs-Ringer bicarbonate buffer, 2 mM pyruvate, 1% BSA as described above. Homogenization was carried out in 300 ,ul of P13K lysis buffer. After solubilization for 1 h at 40C, homogenates were centrifuged for 5 min at 10,000 g (40C) and the supernatant ("cytosol") removed. Cytosol was supplemented with 30 AM ATP, 10 mM MgCl2, and 5 mM MnCl2 (final concentrations) before incubation with insulin receptors. The P13K activation was stopped by the addition of 10 Al of 1 M EDTA. The protein-A beads, containing the previously bound insulin receptors and newly associated proteins, were washed and their associated P13K activity was determined as in immunoprecipitates. Control incubations were performed with insulin receptors alone and with cytosol alone.
Glucose transport. Soleus muscle glucose transport was determined from the uptake of [3H]2-deoxyglucose (final: 0.1 mM, 0.5 ,Ci/ml) during 10 min of incubation as described previously ( 18) . A correction for extracellular 2-deoxyglucose was made using ["'C]sucrose (final 0.1 ,uCi/ml) as a marker. Glucose transport was measured in parallel with either P13K or insulin receptor tyrosine kinase activity by scintillation counting of the post-protein-A-Sepharose or WGA supernatants.
Glucose and insulin determinations. Blood was withdrawn from the inferior vena cava before the muscle surgery. After a brief centrifugation to sediment cellular elements, the plasma was drawn off and stored at -20°C until further analysis. Plasma glucose was assayed via glucose oxidase and plasma insulin was determined by radioimmunoassay (18) .
Protein determination. Proteins were determined in muscle homogenates using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Richmond, CA). Crystalline bovine serum albumin was used as a standard.
Results
Characteristics of the insulin stimulation of PI3K in skeletal muscle. To determine ifinsulin-responsive P13K exists in skeletal muscle, soleus muscles were incubated for varying lengths of time with 50 nM insulin, a concentration that is maximally effective in stimulating glucose transport. After homogenization, phosphatidylinositol kinase activity (PIK) was assessed in antiphosphotyrosine immunoprecipitates. As shown in Fig. 1 , insulin induced a severalfold stimulation ofa PI kinase giving a product that co-migrated with PIP in TLC separations; HPLC analysis of this band indicated that it had a retention time equivalent to that ofPI3P ( 24) . Antiphosphotyrosine-immunoprecipitable-PI3K activity (antiPTyr-PI3K) was maximally stimulated within 2 min of exposure to 50 nM insulin; thereafter it declined over the next 20-30 min and then plateaued, although at no time did it return to basal levels (Fig. 2 ). Thus the response of antiPTyr-PI3K to 50 nM insulin is characterized by a rapid initial activation followed by a partial deactivation. In the presence ofa more physiological insulin concentration, 2 nM, the stimulation ofantiPTyr-PI3K activity was both smaller and slower, with activity peaking after 30 min and then returning to basal by 60 min (data not shown). The antiPTyr-P13K response to various insulin concentrations was measured in solei incubated for 2 min (Fig. 3) . A stimulation of antiP-Tyr-PI3K was evident at 2 nM insulin, and progressively larger stimulations were observed as the insulin concentration increased to 50 nM. Insulin had no effect on the P13K activity immunoprecipitated by an antibody to the 85-kD subunit (anti-p85-immunoprecipitable, refer to Table II ). Insulin receptor tyrosine kinase activation in soleus muscles. To determine if a relationship exists between the activation of P13K and insulin receptor tyrosine kinase in skeletal muscle, incubated soleus muscles were exposed to 50 nM insulin for varying lengths of time and their insulin receptor kinase activity was measured in homogenates made under conditions giving a maximal preservation ofthe receptor phosphorylation state. Fig. 4 shows that there is a significant stimulation of insulin receptor tyrosine kinase activity within 2 min of incubation, although, unlike the initial stimulation of P13K activity, maximal activity was not achieved until after 30 min. The receptor kinase activation time course closely paralleled that of receptor autophosphorylation as shown in the antiphosphotyrosine Western blot in the inset to Fig. 4 . Muscle incubations carried out with 2 nM insulin resulted in a much smaller but still significant receptor kinase stimulation that also peaked at 30 min (data not shown). To establish the sensitivity of the insulin receptor tyrosine kinase to insulin, muscles were incubated for 10 min with insulin concentrations varying from 0 to 50 nM. As seen in Fig. 5 , there was an increasing stimulation of receptor kinase activity as the insulin concentration was raised from 0.5 to 50 nM that was coincident with the activation of antiPTyr-PI3K activity after 2 min ofinsulin exposure, but was rightward shifted compared to that of glucose transport.
Response of P13K to insulin is defective in muscles from obese mice. Since the foregoing data suggested a link between . The maximal activity represents a threefold stimulation over the basal (0 insulin) activity, which did not change over 60 min. In these experiments, the radioactivity incorporated into PI3P in muscles incubated with insulin for 2 min was ranged from 300 to 600 cpm/mg protein; -1 mg of homogenate protein was assayed. Results are expressed as the mean±SEM from determinations in 4-10 muscles.
P13K stimulation and the activation of the insulin receptor tyrosine kinase, we examined insulin-mediated PI3K stimulation in insulin-resistant muscles having abnormal receptor tyrosine kinase activation. The GTG-obese mice used in the present study were characterized by a eightfold increase in plasmã [INSULIN], nM Figure 3 . Dose-response curve for P13K activation by insulin in incubated soleus muscles. Solei were incubated for 2 min in the presence of the indicated insulin concentrations and P13K was assayed in antiPTyr immunoprecipitates as in Fig. 1 . Results are expressed as means±SEM (n = 4). insulin and a slight elevation in plasma glucose (Table I) . Their skeletal muscle was characterized by a 48% decrease in the stimulation of glucose transport by insulin (Table I) .
To determine if the obese-hyperinsulinemic syndrome is associated with a defect in P13K activation, soleus muscles from obese, insulin resistant mice and age-matched controls were incubated for up to 20 min in the presence of 50 nM insulin. As seen in Fig. 6 A, the maximal (2 min) activation of antiPTyr-PI3K by insulin was clearly blunted in incubated muscles from obese animals and this defect was still evident after 20 min of insulin exposure. In insulin dose-response experiments performed at 2 min insulin exposure, antiPTyr-P13K in muscles from obese animals was also less sensitive to insulin, as demonstrated in Fig. 6 B by a marked rightward shift in its activation curve. Thus the obesity-associated defect in P13K activation results in pronounced alterations in both insulin response and sensitivity.
To explore the possibility that the alteration in P13K activity in muscles from obese mice is associated with a diminished ability of PI3K to associate with membranes, antiPTyr-and anti-p85-immunoprecipitable P13K activities were assayed in muscle cytosolic and particulate fractions after exposure to insulin. In homogenates from lean muscles, an insulin-mediated stimulation of antiPTyr-PI3K activity was observed in both fractions (Table II) . However, the antiPTyr-PI3K expressed as a percent of the total (anti-p85) P13K activity was two-to threefold higher in the particulate fraction. There was no insulin-induced change in either the total anti-p85-PI3K activity or that associated with the particulate fraction. In muscle homogenates from obese animals, the insulin-stimulated increases in Fig. 4 ) with the indicated insulin concentrations. Glucose uptake was assessed from the uptake of [3H ] 2-deoxyglucose by the muscles in which receptor kinase activity was measured; the P13K activation curve was taken from Fig. 3 . Points represent means from four muscles. cytosolic and particulate antiPTyr-PI3K activity were diminished by 50-70%. In contrast, obesity had little effect on the total anti-p85-PI3K activity or in the percentage that was membrane-associated. Thus the defect is not related to a de- [INSULIN], nM Figure 6 . Effects of obesity on insulin-stimulated PI3K activity in the incubated soleus muscle: time course and dose response. (A) Solei from lean and obese mice were incubated in parallel with 50 nM insulin for the indicated times and antiPTyr-PI3K activity was assayed as described in the legend to Fig. 1 . The antiPTyr-PI3K activity in lean muscles incubated for 2 min with insulin was defined as 100%. All results were expressed as means±SEM (n = 4-10). (B) Muscles were incubated for 2 min in the presence of various insulin concentrations and antiPTyr-PI3K activity was determined as in Fig. 1 . Points represent means±SEM (n = 4-1 1). crease in PI3K activity per se, but rather in the processes that bring about its activation. Obesity-associated receptor defects. Obesity had previously been shown to be associated with a defective activation of the insulin receptor tyrosine kinase when insulin receptors were partially purified from skeletal muscle homogenates and then incubated with insulin ( 19) . Thus the defective stimulation of P13K by insulin could result at least in part from an alteration in the activation of the receptor tyrosine kinase in the intact muscle. To test this proposal, muscles from lean and insulin-resistant obese animals were incubated for 10 min in the absence (basal) and presence of 50 nM insulin, and their insulin receptor tyrosine kinase activity was measured in partially purified insulin receptor preparations made under conditions giving a maximal preservation ofprotein phosphorylation. Fig. 7 Muscles were incubated with 50 nM insulin for the indicated times, homogenized, and fractionated as described under Methods. Anti-p85and antiPTyr-immunoprecipitable PI3K activity were assessed in the same muscle as described under Methods and in the legend to Fig. 1 . Anti-p85 P13K activity was expressed per milligram of total protein. AntiPTyr-PI3K activities in membranes and cytosol were expressed relative to the protein contents in the respective fractions. Results are presented as means±SEM (n = 7-8). Significance between the lean and obese groups at each time point was established using Student's t test. * P < 0.05. $ P < 0.025.
that the insulin-resistant muscles were characterized by a 65% increase in basal receptor kinase activity, a 20% decrease in total kinase activity in the presence of 50 nM insulin, and a 36% decrease in the insulin-specific stimulation (insulin minus basal) ofthe kinase. These data indicate that although obesityassociated skeletal muscle insulin resistance is clearly present at the level of the insulin receptor, the defect is not as prominent as that "downstream" at the level of P13K.
Obesity-associated post-receptor defects. Since the diminution ofskeletal muscle P13K activation is greater than the alteration in insulin receptor tyrosine kinase activity in obese animals, one could suggest that post-receptor defects are present. Figure 7 . Insulin-stimulation of insulin receptor tyrosine kinase activity in soleus muscle from lean and obese mice. Solei were incubated for 10 mmn without and with 50 nM insulin before being assayed for insulin receptor tyrosine kinase activity as described in Fig. 4 . Values are expressed as means±SEM (n = 8). Values for insulin minus basal were calculated from paired muscles, i.e., the muscle from one leg was incubated with insulin and that from the contralateral leg was incubated without insulin.
To address this question, we tested the ability of a preparation of native insulin receptors to associate with cytosolic P13K in vitro. Immunopurified human insulin receptors were activated by phosphorylation, incubated with muscle cytosol, and the receptor-associated PI3K activity was determined. As seen in Table III , prior phosphorylation of the purified receptors resulted in a fourfold increase in the amount of receptor-associated P13K. Moreover, this insulin-stimulated PI3K association was reduced by 40% in cytosol from obese animals. An apparent decrease in the basal P13K activation of the same magnitude was also observed.
Reversal ofobesity-associated defects in PI3K and insulin receptor tyrosine kinase by starvation. It is well established that a number of biochemical and hormonal abnormalities associated with insulin resistance in obese mice are normalized after 40 h of starvation ( 18) . We thus examined the effect of starvation on P13K and insulin receptor tyrosine kinase activi- Fig. 1 . After a briefcentrifugation, the supernatant was incubated for 5 min at room temperature with activated or nonactivated insulin receptors. P13K activity associated with the receptors was then determined as described under Methods. The supernatant protein contents were equalized before incubation with insulin receptors. Results were expressed as the percentage of the values obtained when homogenates from lean mice were incubated with activated insulin receptors and presented as means±SEM (n = 11). * P < 0.05 compared to activated lean group.
Phosphatidylinositol-3-kinase in Muscle ofLean and Obese Mice 1363 ties in soleus muscles incubated in the absence and presence of 50 nM insulin. As seen in Fig. 8 , there was a striking reversal of the defective insulin-stimulation of those parameters. Starvation had the additional effects of normalizing the elevated basal insulin receptor tyrosine kinase activity in muscles from obese animals as well as inducing hypoinsulinemia and hypoglycemia (Table I) .
Discussion
The present study describes an insulin-responsive antiPTyr-PI3K in the incubated skeletal muscle. The kinetics of the P13K response, an initial activation phase followed by a slower partial deactivation phase, were similar to the kinetics reported in cultured cells transfected with insulin receptors and adipocytes ( 1, 2, 13, 14) . Although over the course of this study the fold stimulation of antiPTyr-PI3K by 50 nM insulin in soleus muscles from lean mice varied from 3 to 10, the relative timeand insulin concentration-dependent changes in activity were min before being assayed for antiPTyr-PI3K as described in the legend to Fig. 1 . Results are presented as means±SEM (n = 7-8). (B) IR tyrosine kinase. Muscles were incubated without and with 50 nM insulin for 10 min before being assayed for receptor kinase activity as described in the legend to Fig. 4 . Results are expressed as means±SEM (n = 3-4). very reproducible; thus it is likely that differences in fold stimulation merely reflect fluctuations in basal activity. Due to the complex kinetics, it was not possible to "accurately" determine an ED50 for insulin's stimulation of P13K; however, it is clear that insulin levels in the 1-10 nM range provoke a significant P13K activation. This places the sensitivity of P13K to insulin close to physiological plasma insulin values (see Table I ). Since insulin levels in this range also produced significant stimulations of glucose transport and the receptor tyrosine kinase (see Fig. 5 ), activation of antiPTyr-PI3K appears to be physiologically relevant.
Most available evidence suggests that P13K activation by insulin occurs as a result ofan interaction ofthe 85-kD subunit with tyrosine phosphorylated IRS-1 (10-12) rather than by direct tyrosine phosphorylation (28) . In adipocytes, this activation process appears to result in the translocation of P13K from a cytosolic to a membrane compartment, with a subsequent increase in P13K specific activity ( 14) . In contrast, both the total P13K activity and the membrane-associated fraction remained relatively constant following the insulin-stimulation of skeletal muscle (Table II) . Although antiPTyr-immunoprecipitable activity in the particulate fraction was stimulated three to fourfold, we were unable to determine if it represents the activation of PI3K that was already membrane-associated or a genuine translocation. We can, however, conclude that (a) antiPTyr-PI3K activity is enriched in the particulate fraction and (b) if translocation of PI3K and/or an increase in its specific activity occur in skeletal muscle, they involve only a very small fraction of the total.
A comparison of the time course of soleus muscle P13K stimulation by 50 nM insulin with that of insulin receptor autophosphorylation and kinase activation reveals that P13K activity peaks within 2-5 min while receptor kinase activity and autophosphorylation do not peak until after 30 min. This time course of receptor tyrosine kinase activation is similar to that observed after insulin-injection in vivo in rat hindlimb muscle (29) , but dissimilar to that reported in vivo in rat hindlimb muscle (30), where peak activity was observed at 2-5 min. The cause of these differing time courses is not known, but it could be related to technical differences between the various protocols for insulin stimulation in vivo as well as to the fact that in vivo stimulation is blunted by systemic counterregulatory factors whereas that in the isolated muscle is not. Our results would suggest that only a small fraction of the total receptor pool needs to be activated to induce a maximal PI3K stimulation. How P13K is subsequently deactivated is not known, although it is reasonable to propose that there would be the stimulation of an "off switch" further downstream in the insulin signaling pathway, such as a substrate specific tyrosine phosphatase (31) or a serine/threonine kinase. In relation to the latter possibility, it is known that both IRS-1 and the 85-kD P13K regulatory subunit have multiple potential ser/thr phosphorylation sites (10, [32] [33] [34] [35] .
The blunted insulin-stimulation of antiPTyr-PI3K in muscles from obese animals demonstiates that there is a defect very early in the post-receptor signaling pathway. This defect, which is equally observable in the cytosolic and particulate fractions, is characterized by decreases in both P13K insulin response and sensitivity. Mechanistically, it appears to result from both insulin receptor and postreceptor defects since (a) the decrease in P13K activation was consistently more pronounced than that in tyrosine kinase activation and (b) the activation of P13K in vitro by native insulin receptors was diminished in homogenates from obese mice. While the diminished receptor kinase response is related to an alteration in the intrinsic receptor kinase activation (receptor number was not affected by obesity in these experiments), the nature ofthe post-receptor defect(s) is less clear. Based on our data and present knowledge of the mechanism of PI3K activation by insulin, we would suggest that there is an alteration in the association ofP13K with IRS-1. Obesity clearly does not cause a decrease in total (anti-p85) P13K activity. This does not exclude, however, an alteration in the P13K per se, for example at the site with which it interacts with IRS-1. A more likely site for the defect is IRS-1. Indeed, hyperinsulinemia has been demonstrated to down-regulate IRS-1 in cultured cells (36) . Moreover, an apparent post receptor alteration in IRS-1 phosphorylation has recently been demonstrated in insulin-resistant skeletal muscle from streptozotocin diabetic rats (30) ; in this study there was a dissociation between IRS-1 tyrosine phosphorylation and insulin receptor autophosphorylation.
The insulin-resistant obese state is associated with a number of abnormalities, including elevated plasma lipids and insulin as well as a reduction in the biological effectiveness of insulin in its target tissues. Taken together, our observations imply that the defects leading to P13K insulin resistance are interrelated with, if not the same as, those leading to insulin resistance in other biochemical pathways. Because several reports have suggested that hyperinsulinemia is the primary contributing factor to the insulin resistance associated with obesity and NIDDM (reviewed in reference 37), it is reasonable to speculate that hyperinsulinemia also plays a key role in the generation ofthe obesity-associated defects in P13K activation. Supporting this hypothesis is the observation that starvation suppressed hyperinsulinemia while at the same time normalizing insulin receptor and postreceptor defects. It is notable that there was a strong correlation in obese mice between elevated plasma insulin and increased insulin receptor tyrosine kinase activity in solei incubated without insulin. This result was not observed in previous studies using the same animal model ( 19) which were less concerned with preserving the phosphorylation state of the insulin receptor. Because we observed no corresponding alteration in basal P13K activity, the increase in basal receptor kinase activity is most likely offset by the post-receptor defect in the P13K activation pathway.
The role of P13K in cell physiology is still a mystery. While P13K has been implicated in the regulation of cell growth, the presence of insulin-sensitive P13K in terminally differentiated insulin-target tissues such as skeletal muscle and fat indicates that P13K could have an equally important role in the regulation of metabolism. The blunted stimulation of P13K by insulin in soleus muscles from obese mice suggests that its putative regulatory role would be related to processes such as glucose transport and metabolism that are insulin resistant in this tissue. In contrast, the present results do not support a rate-limiting role for P13K in the regulation of protein metabolism since this process appears to be unaffected by GTG-induced obesity (38) . The products of the P13K reaction, PI3P, PI-3,4-P2, and PI-3,4,5-P3, are not substrates for any known phospholipase C and thus would not contribute to signaling by the classical calcium protein kinase C pathway (39) . Therefore one must propose that the 3-phosphorylated phosphoinositides would exert their potential regulatory role at or near the membrane. The ability to explore more specifically the function of P13K awaits the availability of large quantities of highly purified 3-phosphorylated phosphoinositides.
